OPEN 



Citation: Cell Death and Disease (2014) 5, el 118; doi:10.1038/cddis.2014.100 

© 2014 Macmillan Publishers Limited All rights reserved 2041-4889/14 



www.nature.com/cddis 

Ubiquitin-like (UBX)-domain-containing protein, 
UBXN2A, promotes cell death by interfering with the 
p53-Mortalin interactions in colon cancer cells 

S Sane\ A Abdullah\ DA Boudreau\ RK Autenried\ BK Gupta^ X Wang^ H Wang\ EH Schlenker\ D Zhang\ C Telleria\ L Huang^ 
SC Chauhan^ and K Rezvani*'^ 

Mortalin (mot-2) induces inactivation of the tumor suppressor p53's transcriptional and apoptotic functions by cytoplasmic 
sequestration of p53 in select cancers. The mot-2-dependent cytoprotective function enables cancer cells to support malignant 
transformation. Abrogating the p53-mot-2 interaction can control or slow down the growth of cancer cells. In this study, we report 
the discovery of a ubiquitin-like (UBX)-domain-containing protein, UBXN2A, which binds to mot-2 and consequently inhibits the 
binding between mot-2 and p53. Genetic analysis showed that UBXN2A binds to mot-2's substrate binding domain, and it partly 
overlaps p53's binding site indicating UBXN2A and p53 likely bind to mot-2 competitively. By binding to mot-2, UBXN2A releases 
p53 from cytosolic sequestration, rescuing the tumor suppressor functions of p53. Biochemical analysis and functional assays 
showed that the overexpression of UBXN2A and the functional consequences of unsequestered p53 trigger p53-dependent 
apoptosis. Cells expressing shRNA against UBXN2A showed the opposite effect of that seen with UBXN2A overexpression. 
The expression of UBXN2A and its apoptotic effects were not observed in normal colonic epithelial cells and p53 -/- colon 
cancer cells. Finally, significant reduction in tumor volume in a xenograft mouse model in response to UBXN2A expression was 
verified in vivo. Our results introduce UBXN2A as a home defense response protein, which can reconstitute inactive 
p53-dependent apoptotic pathways. Inhibition of mot-2-p53 interaction by UBXN2A is an attractive therapeutic strategy in 
mot-2-elevated tumors. 
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Introduction 

Mot-2 is a member of the heat-shock protein 70 family,'' 
which increases in tumor cells. Simultaneously, 
mot-2 changes its subcellular location from mitochondria in 
normal cells to the cytosol in cancerous cells, where it 
interacts with pSS^""^ in a reversible manner.^ Mot-2 prevents 
wild-type (WT) p53 from translocating to the nucleus, 
leading to reduced p53-mediated activation of downstream 
targets. ^'^"^ More recently, it has been shown that inhibition 
of mot-2 induces apoptosis in selective cancer cells with 
mutant p53.^ The mot-2-based cytoplasmic sequestration 
of the p53 tumor suppressor is one of the main carcino- 
genic mechanisms in colorectal cancers.^ In addition, 
because more than 50% of patients with colon cancer 
particularly in the early stage have WT-p53,''° targeting 
mot-2 as a p53 inhibitor in colon cancer cells is 
considered an efficient treatment strategy along conventional 
chemotherapy. 



Here, we show that the UBXN2A protein is a positive 
regulator of p53 through its interaction with the C-terminus of 
mot-2 where the p53-binding site is located. UBXN2A 
facilitates the translocation of WT-p53 to the nucleus where 
p53 regulates its target genes, particularly those involved in 
apoptosis. These results introduce UBXN2A as an important 
anticancer factor that can contribute to p53 localization 
and activation as a host defense mechanism against 
cancerous growth. Because fully functional p53 can reverse 
tumor formation and progression as well as postpone tumor 
relapse,''"' characterization of mot-2's endogenous regulators 
may lead to a new class of therapeutic interventions in tumors 
with high levels of mot-2. 

Results 

UBXN2A induces cell death. A number of studies have 
reported the contribution of the UBXD family of proteins to 
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different cancers. ^^'^^ Expression of these UBX domain- 
containing proteins correlate positively or negatively with 
tumor progression in a tissue-specific manner.^"^ Our 
previous study showed that UBXN2A, as a p97-associated 
protein, is involved in protein quality control.''^ We decided to 
conduct a set of experiments to determine whether UBXN2A 
might have a role in apoptosis in cancer cells as reported for 
some other UBXD family members.""^ As cell detachment, 
cell shrinking, and alteration of nuclear morphology are 
ubiquitous aspects of apoptosis, we examined these 
apoptotic features in the presence of UBXN2A. We used 
HCT-116 colon cancer cells transfected with GFP-empty, 
GFP-p53, or GFP-UBXN2A. As expected for p53 expres- 
sion,''^ GFP-p53 significantly increased the number of cells 
detaching from the plates at 48 and 72 h post-transfection as 
compared with the vehicle, which is indicative of typical late 
stage apoptosis (Figure 1a, Supplementary Figure 1A). 
Similarly, it turned out that UBXN2A expression induced at 
least 50% cell detachment as early as 48 h post-transfection 
(Figure 1a, Supplementary Figure 1A). We next asked 
whether UBXN2A expression leads to apoptotic character- 
istics (condensed chromatin and apoptotic bodies), which are 
ubiquitous aspect of apoptosis. We examined these in the 
presence of UBXN2A and p53 in fixed cells stained with 
DAPI. Expression of GFP-UBXN2A and GFP-p53 signifi- 
cantly increased the number of nuclei with condensed 
chromatin and apoptotic bodies formed in cells transiently 
transfected with GFP-p53 and GFP-UBXN2A (Figures lb 
and c). On the basis of the cell morphology and reduced cell 
viability, it appeared that UBXN2A leads the cells to 
apoptosis, which was further confirmed by the large 
molecular weight DNA fragments in HCT-116 and LoVo 
colon cancer cells transiently transfected with GFP-UBXN2A 
or GFP-empty vector (Supplementary Figure IB). 

UBXN2A induces cell cytotoxicity in a cell type-depen- 
dent manner. In another set of experiments, we used crystal 
violet-based cytotoxicity assays to compare the cytotoxicity of 
UBXN2A in four colon cancer cell lines as well as MCF7 breast 
cancer cells (Supplementary Figures 1C and D). Statistically 
significant cytotoxicity induced by UBXN2A was confirmed in 
HCT-116 and LoVo cell lines with WT-p53 (Figure Id). In 
addition, we chose SW480 and HT-29 colon cancer with mutant 
p53 for the cytotoxicity assay. We observed significant cell 
cytotoxicity in the presence of UBXN2A in HT-29 (-50%), 
while UBXN2A expression had no significant induction of 
cytotoxicity in SW480 colon cancer cells (Figure Id). 

Our initial experiments in MCF7 showed no cell cytotoxicity 
in the presence of UBXN2A overexpression (Figure Id). 
Therefore, we examined cell cytotoxicity in MCF7 cells treated 
with suboptimal toxic dose of 5 fxM etoposide for 24 h after 
transfection with GFP-empty or GFP-UBXN2A. UBXN2A had 
no effect on cell cytotoxicity in MCF7 cells in the presence of 
stress (Figure Id). 

UBXN2A binds mot-2 in the cytoplasm. Members of the 
UBXD family associate with a variety of cargoes that enable 
them to be involved in many cellular processes.''^ We 
therefore hypothesized that UBXN2A-induced apoptosis in 
cancer cells is due to UBXN2A's contribution to specific 



cancer-related pathways. We sought to identify the binding 
partners of UBXN2A in the HCT-116 cancer cells in the 
presence or the absence of the genotoxic agent etoposide 
(50 ^M). HCT-1 1 6 cells were collected after a 24-h treatment, 
followed by IP with an anti-UBXN2A antibody immobilized on 
protein A magnetic beads (Supplementary Figure 2A). 
Cytosolic proteins that co-precipitated with UBXN2A, with 
and without etoposide, were analyzed by mass spectrometry- 
based proteomic approaches (Supplementary Figure 2B).''^ 
We identified several candidate proteins, including mot-2. 
More mot-2 was associated with cytoplasmic UBXN2A under 
conditions of genotoxic stress. Next, we performed iodixanol 
density gradient centrifugation''^'''^ of cytoplasmic extracts 
from HCT-1 16 cells treated with etoposide (50 ^M). UBXN2A 
co-sedimented with fractions containing mot-2 (lanes 7-9, 
Figure 2a). As a control, we probed the collected fractions for 
another UBXD family member, UBXN2C protein (p47). 
UBXN2C did not show co-sedimentation with mot-2, indicat- 
ing the specificity of the co-sedimentation of UBXN2A with 
mot-2. UBXN2A-containing fractions were additionally 
enriched for p97 protein, which is a known partner of 
UBXN2A.''^'''^ We performed a set of His-tag pull-down and 
IP experiments in HEK293T (Figure 2b) and HCT-116 
cells (Figure 2c). Cytoplasmic fractions from HEK293T 
cells transiently transfected with increasing amounts of 
(His)6-TYG-tagged UBXN2A were incubated with magnetic 
His-tag beads to isolate the mot-2 protein. Figure 2b shows 
that upon increased exogenous expression of (His)6- 
UBXN2A the pulled down mot-2 signal intensities increased 
proportionally, indicating that (His)6-UBXN2A binds to endo- 
genous mot-2 in a concentration-dependent manner. To 
determine whether endogenous UBXN2A and mot-2 proteins 
associate in vivo, we first determined the steady state level of 
mot-2 and UBXN2A in cells as well as normal and tumor 
tissues (Supplementary Figure 3). We confirmed that 
endogenous UBXN2A binds to mot-2 in HCT-116 cells in a 
p53-independent manner (Figure 2c). Finally, we confirmed 
UBXN2A and mot-2 interaction in colorectal tumor tissues 
(Figure 2d). We further confirmed that UBXN2A binds to mot- 
2 in HT-29 cells carrying mutant p53 (Supplementary 
Figure IE). To further verify negative results obtained from 
MCF7 cells, we conducted an immunoprecipitation (IP) 
experiment using an anti-UBXN2A antibody. We found 
UBXN2A does not bind to mot-2 in MCF7 cells with and 
without stress (Supplementary Figure IF). The molecular 
characteristics of mot-2 in MCF7 breast cancer cells versus 
colon cancer cells and lack of caspase 3 in MCF7 cells, which 
has specific role in apoptosis and in activation of caspase 6 
and 7 are considered as potential reasons for the absence of 
cell death in MCF7 upon UBXN2A overexpression. Finally, IP 
experiments with an anti-UBXN2A antibody using normal 
human umbilical vein endothelial cell (HUVEC) lysates in the 
absence and the presence of recombinant GST-mot-2 
showed UBXN2A only pulls down recombinant mot-2 
(sufficient amount of mot-2) and not the endogenous mot-2 
expressed in normal HUVEC cells (Supplementary 
Figure 1G). 

Switching the protein-binding preference of mot-2 from 
p53 to UBXN2A. Because mot-2 binds to the cytoplasmic 
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a b UBXN2A Induces Morphological Changes in HCT-116 Cells 



GFP-empty GFP-p53 GFP-UBXN2A 




GFP-Empty GFP-p53 GFP-UBXN2A 



UBXN2A Induces Cell Cytotoxicity 




Figure 1 Cytotoxicity of UBXN2A in colon cancer cells with WT-p53. (a) HCT-1 16 cells were seeded at 30 000 cells per plate. Cells were transfected with GFP-empty 
vector, GFP-p53, and GFP-UBXN2A using the Neon transfection system (see Materials and Methods). Many GFP-UBXN2A cells were detached after the first 24 h. As GFP 
expression reached a maximum level after 24 h, cell detachment was studied after 24. 24, 48, and 72 h after transient transfection, detached cells were removed. Cell 
detachment was monitored using a Zeiss motorized inverted microscope and measuring the number of adherent live cells (green) using AxioVision software. The numbers of 
remaining cells were calculated in same five fields under the microscope for each experiment at 24, 48, and 72 h. The data from cell counting show a significant reduction of 
adherent cells in the presence of p53 or UBX2A in comparison with the empty vector after 72 h. These results suggest the UBXN2A-induced cell detachment due to apoptosis 
is comparable to that of p53. (b, c) In another set of experiments, HCT-1 16 cells transiently transfected with GFP-empty, GFP-p53, and GFP-UBXN2A were fixed and stained 
with DAPI. After 24 h, fluorescent microscopy observation demonstrates typical apoptotic morphology including condensation of the nuclear material (arrowheads) and 
formation of apoptotic bodies (arrows) when cells express p53 or UBXN2A (b). The bar chart represents the total number of the apoptotic cells counted in five fields for each 
groups after 24 h. Significant differences between different groups means and control value are indicated by ***P< 0.001 (c). Scale bar = 50 ^m. (d) A cytotoxicity test with 
the crystal violet staining method was developed to determine cell viability in cancer cell lines transfected with GFP-UBXN2A. The Neon transfection system provides high 
efficiency of transfection (80-90%) and viability (90%) when electroporation parameters (voltage, pulse width, and number of pulses) are optimized for each individual cell line. 
Statistically significant cytotoxicity induced by UBXN2A was confirmed in HCT-1 16, LoVo, and HT-29 cell lines, while UBXN2A overexpression had no induction of cytotoxicity 
in SW480 cells (mutant p53) and MCF7 (caspase 3 deficient) breast cancer cells with and without suboptimal stress (Eto: etoposide 5 ^M). Each value represents mean ± S.E. 
of at least three independent experiments, and each experiment was performed in triplicate (*P<0.05) 



domain of p53 and sequesters WT-p53 in the cytoplasm, 
we asked whether binding UBXN2A to mot-2 can alter mot- 
2's affinity for p53. To test this hypothesis, we probed the 
fractions collected from the iodixanol gradient (Figure 2a) 
with an anti-p53 antibody. p53 showed two peaks (Figure 2e) 
of which the first, at fractions 3-5, dominantly showed co- 
fractionation with HSP90 protein, as expected, and partially 



with mot-2. The second peak of p53 was at fractions 12 to 
15, which may represent p53 association with HSC70/ 
HSP70 complex (Figure 2e). Notably, p53 was not highly 
abundant in the fractions that contained the majority of the 
co-sedimented UBXN2A and mot-2 proteins (fractions 7-9 in 
Figure 2a versus Figure 2e). These results suggest the 
binding of mot-2 to UBXN2A might inhibit the binding of mot- 
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Figure 2 UBXN2A interacts with mot-2. (a) HCT-1 1 6 cells were treated with etoposide (50 ^M) for 24 h and cytoplasmic fractions were prepared. Samples were subjected 
to the iodixanol gradient centrifugation. The collected fractions (20 total) were analyzed by WB using the indicated antibodies. In HCT-1 16 cells, co-sedimentation of 
endogenous UBXN2A and mot-2 was predominantly observed in fractions 7-9 (black box). In contrast, P47 (UBXN2C) did not show co-sedimentation with mot-2, supporting a 
selective interaction between mot-2 and UBXN2A. In addition, UBXN2A showed co-sedimentation with its known partner, the protein p97 (CDC48). (b) HEK293T cells were 
transfected with increased amounts of pcDNA-(His)6-TYG-tagged UBXN2A. After 24 h, cell lysates were incubated with 50^1 magnetic Dynabeads (His)6-Tag. UBXN2A pulls 
down endogenous mot-2 in a dose-dependent manner in HEK293T cells, (c, d) Using magnetic Dynabeads protein A, endogenous UBXN2A bound to immobilized anti- 
UBXN2A antibodies pulls down endogenous mot-2 in HCT-1 16 (knockout derivative (p53 - /-) and wild-type (p53 + / + )) colon cancer cells as well as mot-2 in human 
colon cancer tissues. We particularly observed pulled down mot-2 with tumors in d (Lane 4 versus3). (e) Fractions shown in a were probed with anti-p53, HSP90a, and HSC70 
antibodies. As expected, only some p53 proteins co-sediment with mot-2 (fractions 3-5). Instead, p53 showed strong co-sedimentation with fractions enriched in HSP90a, a 
known stabilizer of p53, in fractions 3-7. Fractions containing UBXN2A and mot-2 (a, fractions 7-9) have a low level of p53 (black box). As expected, another population of p53 
proteins co-sedimented with HSC70, a known p53 regulator, in fractions 12-15. These results suggest that two distinct mot-2-containing complexes exist, one that sediments 
with p53 (fractions 3-5) and one that sediments with UBXN2A (fractions 7-9) 





2 to p53. That is, the two complexes might be mutually 
exclusive. To further determine whether the binding of mot-2 
to UBXN2A decreases the binding of mot-2 to p53, we 
performed two set of immunoprecipitation experiments with 
recombinant UBXN2A. Figure 3a describes an in vitro 



competition immunoprecipitation assay system containing 
mot-2, p53, and an increasing amount of recombinant 
UBXN2A. In a competition mechanism, the increasing 
amounts of recombinant human UBXN2A decreased the 
intensity of mot-2 bands pulled down by anti-p53 antibodies. 
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The lowest binding between p53-mot-2 was observed when 
UBXN2A and mot-2 were present in approximately a 1 :1 ratio 
by their molecular mass (lane 1 versus lane 2). In Figure 3b, 
cytosolic fractions enriched with mot-2 and p53 proteins 
(fractions 3-5, Figure 2e) were incubated with recombinant 
GST-tag human UBXN2A protein. After the initial 2h of 
incubation, samples were subjected to immunoprecipitation 
with anti-p53 antibodies. GST-UBXN2A and endogenous 
mot-2 ratio was 2.5:1 in the reaction. The presence of 
UBXN2A decreased the amount of mot-2 protein-bound p53 
(Figure 3b). Next, we decided to verify whether endogenous 
UBXN2A can interfere with mot-2-p53 binding using an ex 
vivo model. The HGT-116 cell line was identified as one of 
the best candidates for in vivo experiments, as HCT-116 has 
minimum expression of UBXN2A (Supplementary Figure 3B) 
while it has an abundant amount of mot-2-p53 complexes in 
the absence of stress.^ Figures 3c-f showed that the 
amounts of UBXN2A mRNA and protein increased in HCT- 
116 cells treated with etoposide for 24 h, indicating that 
etoposide can induce upregulation of UBXN2A at RNA and 
protein levels. Moreover, immunofluorescence staining 
showed that UBXN2A located at the juxtanuclear region in 
unstressed HCT-116 cells forms a punctate distribution 
scattered throughout the cytoplasm in many cells upon 
etoposide treatment (Figure 3g). This distinct punctate 
structure of UBXN2A was consistent with punctate p53 and 
mot-2 formation in colon cancer cell lines. ^ As a result, we 
decided to verify whether UBXN2A decreases p53's binding 
to mot-2 in the presence of etoposide (20 and 50 ^M). A set 
of co-immunoprecipitations of mot-2 with UBXN2A as well as 
mot-2 with p53 showed that an increasing association of 
UBXN2A and mot-2 correlates with an increased dissociation 
of p53 and mot-2 in an etoposide dose-dependent manner 
(Figures 3h and i). 

UBXN2A induces p53 nuclear accumulation. Small mole- 
cules, p53 c-terminus peptides, and silenced mot-2^'^°~^^ 
abrogate mot-2-p53 complexes, resulting in p53 nuclear 
localization. Because UBXN2A is capable of releasing p53 
from mot-2, we decided to determine whether UBXN2A can 
lead to p53 nuclear accumulation in a similar mechanism. 
HCT-116 cells were transiently transfected with different 
amounts of UBXN2A plasmid. Exogenous UBXN2A was 
detected dominantly in the cytoplasm fraction (Figure 4a), 
and, therefore, it is an ideal model to identify the cellular 
consequences of UBXN2A gain-of-function. After 48 h, 
nuclear and cytoplasmic fractions were collected, followed 
by WB analysis (Figures 4a-d). Panel d in Figure 4 shows an 
increased level of UBXN2A leads to a significant increase in 
the amount of p53 in the nucleus. We did not observe any 
changes in p53 abundance in cytoplasmic fractions after an 
overexpression of UBXN2A, suggesting that nuclear accu- 
mulation of p53 is predominantly due to translocation from 
the cytoplasm into the nucleus (Figures 4a and b), as 
previously reported in the absence of active mot-2. ^'^^ On the 
basis of the above data, we hypothesized that etoposide- 
dependent upregulation of UBXN2A should be linked with an 
increased level of p53 in the nucleus as well. Hence, we 
examined the stress-induced p53 nuclear localization in 
HCT-1 16. WB analysis of cytoplasm (Figure 4e) and nuclear 



(Figure 4f) fractions revealed that upregulation and nuclear 
localization of p53 becomes significant at 20 and 50 
etoposide, which matches exactly with elevated UBXN2A at 
the same dosages. Similar to several previously reported 
scenarios,^^ co-upregulation of UBXN2A with p53 may be 
essential to inhibiting mot-2 and delivering maximum p53 into 
nuclei during the initiation of genotoxic stress. Similar results 
were obtained in response to single DNA-strand damage 
produced by UVB irradiation (data not shown). In the next 
step, we decided to determine whether UBXN2A increases 
the transcriptional activities of p53. We found overexpression 
of UBXN2A led to upregulation of BAX protein^"* (Figure 4g). In 
addition, the level of cleaved PARP increased in the presence 
of overexpressed UBXN2A (Figure 4g). As expected, silen- 
cing UBXN2A (Figure 4h) had the opposite effect, strongly 
reducing the p53 in the nucleus as well as decreasing the level 
of p53 in cytoplasm fractions (Figures 4h and i). Collectively, 
these two gain and loss functions of UBXN2A suggested that 
UBXN2A can increase the level of functional p53. 

UBXN2A preferentially induces apoptosis in colon 
cancer cell lines. Figures 5a and b show that the expres- 
sion of GFP-UBXN2A significantly induces apoptosis in 
HCT-1 16 and SW48 cells as assessed by Annexin-V. Unlike 
HCT-116 and SW48 colon cancer cells, GFP-UBXN2A did 
not induce a significant level of apoptosis in normal 
colon fibroblast CCD-I8C0 cells. Staurosporine-treated 
uninfected cells were used as apoptosis-positive controls 
(Supplementary Figures 4A and B). It has already been 
shown when cancer cells are cultured under high-density 
condition, cell death is often induced as a consequence of 
nutritional deficiency.^^'^^ With this in mind, HCT-1 16 cells at 
^80% confluence were transfected with GFP shRNA- 
expressing lentiviral-based vectors (Clone I and II, 
Figure 4h), followed by a 48-h incubation. As expected, cells 
transfected with scrambled shRNA show evidence of 
apoptosis, while expression of shRNAs (Clone I and II) 
against UBXN2A resulted in a significant reduction in 
apoptosis (Figure 5C). 

UBXN2A induces apoptosis and suppresses cell growth 
through a p53-dependent pathway. To determine whether 
the UBXN2A-induced apoptosis observed in colon cancer 
cells is p53-dependent, we next compared the incidence of 
early apoptosis as measured by Annexin V and cell viability 
in HCT-1 1 6 p53 + / + and p53 - / - in the presence and the 
absence of UBXN2A expression. HCT-116 cells (p53 + / + 
and p53-/-) were transfected with GFP-UBXN2A, fol- 
lowed by flow-cytometry analysis. The results showed that 
UBXN2A induces apoptosis in a p53-dependent manner 
(Figure 6a), as there was not a significant change between 
GFP-empty and GFP-UBXN2A in p53-/- using the 
Annexin V apoptosis assay. The cell viability assay showed 
that GFP-UBXN2A is effective in HCT-116 p53 + /+, 
indicating a need for the presence of p53 to mediate these 
effects (Figure 6b). 

UBXN2A induces caspase pathways through p53. 

Because p53-dependent apoptosis is primarily mediated 
through the activation of the caspase pathway,^^ we next 
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monitored the activity of the caspase pathway in the 
presence of UBXN2A. Measurement of the caspase 3/7 
activity showed that overexpression of GFP-tagged UBXN2A 
significantly increases caspase activity in HCT-116 cells 
(Figure 6c). Because cleaved caspase-3 mediates apoptosis 
and contributes to the chemopreventive functions of several 
agents in colorectal cancer,^^ a caspase colorimetric assay 
was used to detect the activity of caspase-3 in noncancerous 
HEK-293T and HCT-116 colon cancer cells transiently 
transfected with (His)6-TYG-tagged UBXN2A or empty 
vector. HEK293T cells endogenously express mot-2.^^ Only 



a significant twofold increase in caspase-3 activity was 
observed in HCT-116 cells expressing UBXN2A versus the 
empty vector (Figure 6d). 

UBXN2A blocks colon cancer migration and invasion 
in vitro. Recent evidence shows that inactivation of p53 
triggers the progression of colorectal tumors from the adenoma 
to the carcinoma stage and enhances cancer invasiveness and 
lymph node metastasis.^°'^^ Involvement of p53 in cell 
migration and cell invasion encouraged us to examine a 
possible role for UBXN2A in these two events. Overexpression 
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of (His)6-UBXN2A decreased migration and invasion by nearly 
50% in HCT-116 cells when the results were compared with 
(His)6-empty transfected cells (Figures 6e-h). 

UBXN2A and p53 share a common binding site on tlie 
mot-2 protein. Because the p53-binding site of mot-2 
located within the substrate-binding domain (SBD domain) 
in the range of 423 to 450 residues,^^'^^ we hypothesized 
that the p53-mot-2 interaction can be competitively disrupted 
by the binding of UBXN2A to the SBD domain of mot-2. 
A yeast two-hybrid (Y2H) strategy^^ revealed that UBXN2A 
uses its SEP domain to interact with mot-2, which is sufficient 
for this interaction (Figures 7a-f). The binding of UBXN2A to 
the truncated mot-2 (1-506 aa) and SBD (432-674 aa) and its 
unsuccessful binding to ATP domain (1-437aa) illustrated 
that the UBXN2A-binding site is located in the range of 
438-506 residues where there is a part of p53's binding site, 
according to Utomo et al.^^ In addition, a set of IP 
experiments confirmed UBXN2A only binds to the SBD 
domain (Supplementary Figure 4C) and not the ATP domain 
(Supplementary Figure 4). 

Kaul etal.^"^ showed that the Mot-2 amino-acid residues 253- 
282 Mot-2 are critical for its binding to p53. However, these 
results are in contrast to results reported by ISosfson ef a/ where 
their IP experiments showed that the association of p53 occurs 
via the SBD-binding domain of Mot-2 and not the ATP domain.^^ 
Furthermore, a molecular docking study by Utomo et al. 
confirmed p53 protein bind to substrate-binding domain of 
Mot-2 located in the C-terminus.^^ We found that some of the 
binding sites of mot-2 to p53, as predicted by bioinformatics^^ 
and in vitro assays,^^ were found to be involved in binding of 
mot-2 to UBXN2A, suggesting that mot-2-p53 and mot-2- 
UBXN2A binding may be competitive or even mutually exclusive. 

Furthermore, a set of Annexin V apoptosis assays and a 
crystal violet cell cytotoxicity assay verified that the SEP 
domain of UBXN2A is sufficient to induce apoptosis in HCT- 
116 cells, while the UBX domain alone failed to induce 
apoptosis (Figures 7g and h). 

UBXN2A overexpression decreases tlie growth of HCT- 
116 liuman colon carcinoma cells xenografted in mice. 

Untransfected HCT-116, as well as UBXN2A, or empty cell 



suspensions, were injected subcutaneously into the flanks of 
immunodeficient mice. A portion of the transfected cells was 
lysed and analyzed by WB to demonstrate that the injected 
cell lines carried the desired exogenous proteins (Figure 8a). 
Tumors arose around 16 days after injection and were 
measured every other day. Our results demonstrate a 
significant reduction of tumor growth in UBXN2A xenografts 
compared with empty xenografts and untransfected HCT- 
116 (Figures 8b-d and Supplementary Figure 5). Immuno- 
histochemical analysis of tumor sections showed that 
expression of UBXN2A markedly decrease expression of 
the cell proliferation marker Ki67 (Figure 8e). In addition, a 
TUNEL assay showed that overexpression of UBXN2A 
resulted in greater induction of apoptosis compared with 
tumors expressing empty vector (Figure 8f). 

Discussion 

Hsp70 family proteins have been suggested to serve as 
prognostic and therapeutic markers for cancer cells.^ ""^'^^'^^ 
Mot-2 particularly becomes a tumorigenesis factor in color- 
ectal cancers, and thus is a potential candidate target for 
cancer therapy.^ We first showed that UBXN2A induces 
cytotoxicity in a cell type-dependent manner in the presence 
of wild-type or mutant p53. The level of cytotoxicity (^50%) 
induced by UBXN2A in HCT-116, LoVo, and HT-29 was 
similar to previous reports where cytoplasmic p53 peptides 
significantly decreased colony formation. Interestingly, 
GestI and Ann Bottger observed the mutant p53 binds to 
mot-2 in HT-29 colon cancer cell line.^ Lu etaiJ'^ reported that 
silencing of mot-2 in hepatocellular carcinoma (HCC) cells 
with mutant p53 can lead to apoptosis. Therefore, we 
concluded the induced apoptosis in HT-29 cells in the 
presence of UBXN2A is mediated through mutant p53 but 
independent to p53's transcriptional activation function. 

Kaul et al^^ reported that overexpressed YFP-tagged p53 
carboxyl-terminal peptides bind to mot-2 and lead to 
translocation of the endogenous p53 to the nucleus in Human 
osteosarcoma (U20S) and breast carcinoma (MCF7) cells. 
However, we obtained no significant cell cytotoxicity in MCF7 
cells in the presence of overexpressed UBXN2A. We 
hypothesized that, like HepG2,^ MCF7 may partially lacked 



< 

Figure 3 UBXN2A and p53 compete for binding to mot-2. (a) We investigated wliether UBXN2A can decrease the association of p53 with mot-2 using an in vitro binding 

competition assay. First, recombinant human GST-p53 proteins bound to anti-p53 antibodies-IgG magnetic beads were incubated with human GST-mot-2 protein and 
increasing concentrations of human GST-UBXN2A recombinant proteins. Mot-2 proteins were eluted from the beads and analyzed by western blotting using an anti-mot-2 
antibody. The same membrane was re-probed for p53 (lower panel) to show equivalent p53 in each IP. (b) The in vitro competition assay was further confirmed when the 
human GST-UBXN2A fusion proteins were incubated with cytosolic fractions enriched with mot-2 and p53 proteins (fractions 3-5, Figure 2e) of HCT-116 cells. The level of 
recombinant protein provided an -2.5:1 ratio of UBXN2A to endogenous mot-2. Cell lysates with and without UBXN2A were incubated with anti-p53 antibodies immobilized 
on magnetic Dynabeads protein G (Lanes 3 and 4). Beads with mouse IgG or beads alone were control groups in this experiment (lane 1 and 2). Western blotting showed that 
UBXN2A caused displacement of p53 binding from mot-2. These data support that UBXN2A and p53 compete for the mot-2. (c, d) A semiquantitative RT-PCR protocol 
(Superscript III One-Step RT-PCR system) and quantitative real-time RT-PCR (d) showed etoposide enhances transcription of UBXN2A in HCT-1 16 cells, (e, f) At 24 h post- 
etoposide treatment (20 and 50 fiM), total cell lysates were obtained, 50^g of protein was loaded in each lane, and the resulting blots were probed with an anti-UBXN2A 
antibody. UBXN2A's signal was normalized with the HSC70 signal (loading control). Together, these data confirmed UBXN2A expression is upregulated at the mRNA and 
protein levels upon genotoxic stress (P< 0.05, n = 3). DMSO was used as vehicle control, (g) Immunofluorescent staining reveals that UBXN2A shows a juxtanuclear staining 
characteristic of the ER/Golgi apparatus in the absence of etoposide. However, UBXN2A showed striking punctate cytoplasmic staining when HCT-1 16 cells incubated with 
etoposide (50 fiM) for 24 h, suggesting a dynamic change in UBXN2A functional linkage networks in response to genotoxic stress, (h, i) The results presented in f indicate 
significant upregulation of UBXN2A in the cytoplasm with 20 and 50 etoposide after 24 h incubation. To verify whether this upregulated endogenous UBXN2A causes 
displacement of p53, we conducted a series of IP experiments, (h) Cytoplasmic lysates from e treated with no etoposide or 20 and 50 were subjected to IP using anti- 
UBXN2A (h) or anti-p53 (i) antibodies immobilized on magnetic IgG beads. Samples were resolved by 4-20% gradient SDS-PAGE and detected by WB using the indicated 
antibodies. The HC indicate the heavy immunoglobulin band. WB results indicate that UBXN2A binds to mot-2 in a etoposide dose-dependent manner, while the amount of 
mot-2 associated with p53 decreases simultaneously 
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Figure 4 UBXN2A induces p53 nuclear translocation in HCT-1 16 colon cancer cells. HCT-1 16 cells were transfected with the indicated amount of (Hisje-TYG-tagged 
UBXN2A plasmid. Cytoplasmic (a) and nuclear (c) fractions were subjected to WB. The cell expression pattern of tagged UBXN2A proteins mimics the function of endogenous 
UBXN2A in the cytoplasm upon etoposide exposure illustrated in Figure 3. (b, d) UBXN2A is capable of significantly increasing the nuclear level of p53 in a dose-dependent 
manner (fold increase, n = 1 1 , *P< 0.05). (e, f) HCT-1 1 6 cells were incubated with different concentrations of etoposide for 24 h. Cytoplasmic and nuclear protein lysates were 
prepared and subjected to western blot analysis to monitor p53 and UBXN2A protein levels. GAPDH and Orc-2 antibodies were used as cytoplasmic and nuclear markers, 
respectively, (g) HCT-1 16 cells were transfected with empty vector or (Hisje-TYG-tagged UBXN2A plasmid. After 48 h, total cell lysates were prepared followed by WB using 
indicated antibodies. GAPDH was used as loading control, (h, i) Two lentiviral-based shRNAs were able to efficiently decrease the level of endogenous UBXN2A in HCT-1 16 
cells treated for 24 h with 50 etoposide. WB of the nuclear cell lysates showed a significant decrease in nuclear p53 (i, n = 8, *P< 0.05). Taken together, these gain- and 
loss-of-function approaches in HCT-1 16 cells indicate that UBXN2A facilitates nuclear localization of transcriptionally active p53 



mot-2-p53 interaction in the absence of stress. The cytotoxi- 
city assay in stressed MCF7 cells expressing UBXN2A 
showed no difference from results obtained without stress in 
MCF7-expressing UBXN2A. Unsuccessful induction of cell 
cytotoxicity in certain cell lines (SW480 and MCF7) by 
UBXN2A suggests that other factors are necessary for the 



execution of apoptosis induced by UBXN2A. To explain the 
cytotoxic mechanism of UBXN2A, we first investigated 
UBXN2A partners in HCT-116 colon cancer cells in the 
presence and the absence of etoposide. This strategy allowed 
us to find UBXN2A partners within two different protein- 
protein interaction networks established in cells with and 
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Figure 5 UBXN2A overexpression induces apoptosis in colon cancer cell lines but not in normal, non-transformed cells. CCD-I8C0, HCT-116, and SW48 were 
transfected with GFP-empty or GFP-UBXN2A. 48 h after transfection, cells were stained with Annexin V and early apoptosis was determined using flow cytometry as described 
in Materials and Methods, (a) Representative flow-cytometry analysis data from an Annexin V assay. The histograms show a comparison of the distribution of Annexin V 
positive cells (Ml) after transient transfection of cells with GFP-empty vector or GFP-UBXN2A. The data were gated on GFP-UBXN2A positive cells prior to Annexin V 
analysis, (b) UBXN2A expression for 48 h significantly increased the number of apoptotic cells in HCT-1 16 and SW48 cell lines, while CCD-I8C0 normal colon cells were 
unaffected, (c) HCT-1 16 were transfected with scrambled shRNA or shRNA against UBXN2A (clone I and II). 48 h after silencing, superconfluent cultures of HCT-116 were 
analyzed by Annexin V assay using flow cytometry. Expression of GFP containing shRNA against UBXN2A resulted in 50% less apoptosis in comparison with cells transfected 
with scrambled shRNA. Values are expressed as mean ( ± S.E.M.) from three independent experiments (**P<0.01, ***P<0.001) 



without genotoxic stress. We found increased amounts of 
UBXN2A can bind to inot-2 and subsequently decrease the 
binding affinity between mot-2 and p53. A similar mechanism 
has been shown for the ribosomal protein S14 (RPS14) in 
which RPS14 unties the MDM2-p53 binding, resulting in 
elevated p53 level and activity.^^ These results suggest 
proteins such as RPS14 and UBXN2A have a protective role 
for p53 during cancer progression. 

It has already been shown that small molecules can bind to 
the p53-binding site on the substrate binding site of mot-2 and 
release cytoplasmic p53 for nuclear localization, resulting in a 
p53-dependent apoptosis.^°'^^'^^ The gain and loss of 



functions indicated that the UBXN2A level in the cytoplasm 
determines nuclear translocation of p53 in colon cancer cells. 

Numerous studies have documented that the activation of 
caspase-3 is the main executor of apoptotic cell death in 
several human cancer cell lines, including colon cancers.'^^ '^^ 
Our data are in agreement with these observations and indicate 
that, in colon cancer cells, UBXN2A induces the activation of 
executioner caspases 3/7. Indeed, overexpression of UBXN2A 
in cells with dysfunctional p53 (HEK293T) and KO p53 (HCT- 
116 p53-/-) cells had no effect on caspase-3 activity and 
apoptosis, confirming that UBXN2A induces apoptosis in a 
p53- and caspase-3 dependent manner. In addition, there was 
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Figure 6 Induction of apoptosis by UBXN2A is p53 dependent and caspase-mediated in colon cancer cell lines, (a, b) HCT-1 1 6 (p53 + / + ) or HCT-1 1 6 (p53 - / - ) cells 
were transiently transfected with GFP-empty or GFP-UBXN2A for 48 h. An Annexin V apoptosis assay (a) and Prestoblue cell viability (b) assay show that overexpression of 
UBXN2A leads to a significant increase in cell apoptosis (c) and reduction of cell viability (d) in HCT-1 1 6 with WT-p53 (p53 + / + ). There was not a significant change between 
GFP-empty and GFP-UBXN2A in p53-KO cells (*P< 0.05, **P< 0.01 ). (c) HCT-1 1 6 cells were transfected with GFP-empty or GFP-UBXN2A. After 48 h, levels of caspase-3/7 
activity (an indicator of apoptosis) in cells expressing GFP-empty or GFP-UBXN2A were measured using the Apo-ONE homogeneous caspase-3/7 assay kit. Results show 
2.5-fold increase in caspase-3/7 activity in cells expressing GFP-UBXN2A relative to GFP-empty cells (*P<0.05). (d) Noncancerous HEK293T cells and HCT-1 16 colon 
cancer cell lines were transiently transfected with (His)6-TYG-empty or (His)6-TYG-UBXN2A vectors. A caspase-3 colorimetric assay revealed that UBXN2A exclusively 
activates caspase-3 only in cancer cells (*P<0.05). (e) Cell migration assay. HCT-1 16 empty-vector and HCT-1 16 UBXN2A-expressing cells (300000 cells/well) were 
suspended in serum-free medium and seeded on cell culture inserts. After 24 h, cells that migrated through the membrane were stained and photographed at x 20 
magnification. Cells were counted in five different fields and the average was plotted, (f) Invasion assay. HCT-1 16 empty vector and HCT-1 16 UBXN2A-expressing cells 
(300 000 cells/well) were suspended in serum-free medium and seeded on Matrigel coated inserts. After 24 h, cells that invaded through the Matrigel insert were stained and 
photographed at x 20 magnification. Cells were counted in five different fields, and the average was plotted. A representative micrograph (e, f) and quantification (g, h) of 
invaded cells are shown. The data show a significant decrease in migration/invasion of UBXN2A-expressing cells. For all the assays, data represent the mean of three 
experiments (Mean ± S.E.M.) *P<0.05 
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Figure 7 Interaction of the SEP domain of UBXN2A with the p53-binding site (SBD domain) of mot-2 is sufficient to induce apoptosis. (a, b) Schematic diagram of 
UBXN2A and mot-2 protein domain structures, (c-f) Comprehensive mapping of protein-protein interaction sites by Y2H method using a-galactosidase activity and nutritional 
selection verified that (i) WT-UBXN2A interacts with WT-mot-2, (ii) the SEP domain of UBXN2A is sufficient to interact with WT-mot-2, and (iii) a partial section of p53 binding 
site on the SBD domain of mot-2 (aa:438-506) is sufficient for binding to WT-UBXN2A. (g) An apoptosis assay using Annexin V staining followed by flow cytometry analysis 
confirmed that only the SEP domain of UBXN2A is required to induce apoptosis in HCT-1 1 6 cells, similar to full WT-UBXN2A. No increase in apoptosis was seen with the GFP- 
UBX domain, (h) HCT-1 1 6 cells were transfected with GFP-UBXN2A (WT) or its truncated forms (GFP-SEP or GFP-UBX domains). After 48 h, cells were subjected to a crystal 
violet cell cytotoxicity assay. Counting the remaining colonies showed both WT-UBXN2A and GFP-SEP domains significantly induce cell cytotoxicity (*P<0.05, n = 3) 



no significant UBXN2A-dependent apoptosis in normal human 
colon CCD-I8C0 fibroblasts. Normal levels of mot-2 in 
noncancerous cells"^^ '^^ and its dominant mitochondrial loca- 
lization in normal eel Is, "^"^"^^ as well as the lack of mot-2-p53 
interaction in normal cells/ are likely reasons for ineffective 
apoptotic function of UBXN2A in normal colon and HEK293T 
cells. Finally, as previously discussed, "^^"^^ it is possible that 
WT-p53 proteins in colon cancer cells are more sensitive to 
UBXN2A upregulation than normal cells. 

Our protein-protein interaction experiments found that the 
SEP domain of UBXN2A binds to a section of p53's binding site 
on mot-2, which contains three binding amino acids used by 
p53: PR0442, LYS555, and ILE558.^^'^^ This finding explains 
the possible competitive binding mechanism of UBXN2A over 



p53 when UBXN2A binds to mot-2. A similar competitive 
binding mechanism has been described for Nutlin-2 where it 
mimics the three key hydrophobic residues in p53 and releases 
p53 protein from the MDM2 E3 ubiquitin ligase."*^ 

Besides induction of apoptosis, the UBXN2A-dependent 
p53 activation led to a significant reduction in cell migration 
and cell invasion in colon cancer cells. These results suggest 
that UBXN2A upregulation triggers a complex process 
involving multiple p53-dependent (both transcriptional and 
non-transcriptional p53 activities) and possibly p53-indepen- 
dent pathways acting in sequence. UBXN2A binding to p97 
complex''^'''^ and other UBXN2A partners found in our 
proteomic work strongly suggests that UBXN2A can initiate 
multiple biological functions in response to stress. 
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Figure 8 Overexpression of UBXN2A markedly reduces tumor growth in xenograft model. 7x10^ HCT-1 16 cells (p53 + / + ) expressing (His)6-TYG-UBXN2A or an 
empty vector were subcutaneously injected into nude mice in the lower flank (see Materials and Methods), (a) shows a portion of the transfected HCT-1 1 6 cells that was lysed 
and analyzed by western blotting for expression verification, (b, c) are representative of xenografts experiments with detectable expression of (Hisje-tagged UBXN2A proteins, 
(d) Tumor growth was monitored on the indicated days. Results represent growth rate of tumor volume on the indicated days. Statistical comparisons were done by ANOVA 
followed by the Bonferroni post hoctest using the GraphPad Prism 6 (**P< 0.01 , n = 3). Each data point is the mean tumor growth on the indicated day, and error bars show 
the standard error of mean, (e, f) Tumor tissue sections were subjected to immunohistochemical assay for Ki67 expression and TUNEL staining. Alexa-488 labeling of ki67 and 
570 red fluorescent labeling for TUNEL assay were captured with the Olympus scanning confocal microscope using the Fluoview 1000 software. Negative controls were 
processed sections in the absence of primary antibody (e) or before proceeding to the TUNEL staining (f). Scale bar = 20 ^m. (g, h) The working model of p53 regulation by 
UBXN2A. Mot-2 protein has been shown to interact with p53 and inhibit its activation in cancerous cells. Upregulation of UBXN2A impedes mot-2-mediated inactivation of p53, 
which leads to the activation of p53 



There is strong evidence that p53 protein levels are 
regulated by p53-positive regulators that inhibit p53's negative 
regulators during the tumor progression. ^^"^^"^^ While 
upregulation of p53's negative regulators, such as mot-2, 
results in poor prognosis, inhibition of these negative 
regulators can be a potential home defense mechanism 
during the initiation and progression of cancer. Collectively, 
these data suggest that the interaction of UBXN2A with mot-2 



enables UBXN2A to enhance p53 activities and suppress 
tumorigenesis. Because a very high percentage of colorectal 
cancer expresses high levels of mot-2, ^ increased levels of 
UBXN2A in the cytoplasm could be a unique positive 
compensatory and/or adaptive mechanism to restore the 
function of p53 in this cancer. Our results suggest that, by 
following cell stress, such as that caused by genetic instability 
in cancer, UBXN2A can further boost p53 nuclear 
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translocation as a home defense mechanism, resulting in an 
inhibition or slowing down of cancer cell proliferation (Figures 
8g and h). 

In summary, we showed for the first time that UBXN2A binds 
to mot-2 and releases sequestrated p53, which leads to p53- 
dependent apoptosis in cancer cells with high mot-2. There- 
fore, UBXN2A is a druggable target protein that warrants 
further investigation in preclinical and clinical trial studies. 

Materials and Methods 

Antibodies, magnetic beads pull down, and immunoprecipitation. 

Supplementary Table 1 in the Supplementary Material lists the primary antibodies 
and the titers used for western blotting, pull down, and immunoprecipitation 
techniques. 

Cell culture, generation of cell lines, chemicals, and drug 
treatments. The cell lines HEK293, HeLa, HCT-116, MCF7, and SW48, 
HT-29, SW620, T84, and HUVEC cells were obtained from the ATCC (American 
Type Culture Collection). Normal colon fibroblasts (CCD-I8C0) and SW480 cancer 
cells were a generous gift of Dr Susanne Talcott (Texas A&M University). The 
HCT-116 p53 + /+ and HCT-116 p53-/- were purchased from GRCF Cell 
Center, Johns Hopkins University. All cells were grown in the recommended 
media, supplemented with 10% fetal bovine serum and penicillin/streptomycin (see 
details in the Supplementary Materials). 

lodixanol gradient analysis. Yeast-two hybrid, and Immunoblot 
analysis. These techniques were carried out as previously described.''^ More 
details can be found in the Supplementary Materials. 

Assessment of apoptosis. Apoptosis in cells was assessed using an 
Annexin V Apoptosis Detection Kit (BD Pharmingen, San Jose, CA, USA) 
analyzed by using a BD Accuri C6 flow cytometer according to the manufacturer's 
instructions. 

Cell viability, caspase assays, and crystal violet cell cytotoxicity 
assay. Cell viability in cells was measured in cells cultured in 96-well plates 
using Prestoblue Cell Viability reagent (Life technologies. Grand Island, NY, USA) 
according to the manufacturer's protocol. Caspase activity was measured at 24 h 
using the Apo-ONE Homogeneous Caspase-3/7 Assay (Promega, Madison, Wl, 
USA) following the manufacturer's instructions. Caspase-3 activity was assessed 
using the caspase-3 colorimetric assay (BioVision, Milpitas, CA, USA) following 
the manufacturer's instructions. For the cytotoxicity assay, we used a technique 
previously described by Gillies et al and Castro-Garza et al (see Supplementary 
Materials). 

Cell migration and invasion assays. These two techniques were 
conducted as previously described (see Supplementary Materials). 

Xenograft models and immunohistochemistry. The animal study 
was approved by the Animal Use and Care Committee of the University of South 
Dakota (study protocol 02-01-1 2-1 5C). In vivo and immunohistochemistry 
experiments were carried out as previously described.^^ For details on in vivo 
techniques, see the Supplementary Materials. 

Statistical analysis of data. Unless indicated otherwise, at least three 
biological repeats were performed for all the cell culture experiments. Statistical 
values were analyzed with either the Student's t test or by one-way ANOVA and 
Tukey multiple comparison post hoc tests, when appropriate. The means were 
compared considering a P-value of <0.05 as a significant difference 
(mean ± S.E.). Data presented in Figures Id and 8d were analyzed by GraphPad 
Prism VI software (GraphPad Software, La Jolla, CA, USA), and statistical 
significance was determined with the two-way ANOVA with the Bonferroni post 
hoclesl. Error bars in Figures Id and 8d represent S.E.M. 
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